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Supersoft X-ray sources are stellar objects which emit X-rays with
temperatures of about 1 million Kelvin and luminosities well in excess
of what can be produced by stellar coronae. It has generally been
presumed that the objects in this class are binary star systems in
which mass transfer leads to nuclear fusion on the surface of a white
dwarf.1 Classical novae, the runaway fusion events on the surfaces of
white dwarfs, generally have supersoft phases, and it is often stated
that the bright steady supersoft X-ray sources seen from white dwarfs
accreting mass at a high rate are undergoing steady nuclear fusion.1
In this letter, we report the discovery of a transient supersoft source
in the Small Magellanic Cloud without any signature of nuclear fusion
having taken place. This discovery indicates that the X-ray emission
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probably comes from a spreading layer2 - a belt on the surface of the
white dwarf near the inner edge of the accretion disk in which a large
fraction of the total accretion energy is emitted - and (albeit more
tentatively) that the accreting white dwarf is relatively massive. We
thus establish that the presence of a supersoft source cannot always
be used as a tracer of nuclear fusion, in contradiction with decades-old
consensus about the nature of supersoft emission.
ASASSN-16oh was discovered by the All-Sky Automated Survey for Super-
novae as a V=16.9 transient, located in the field of the Small Magellanic Cloud
at right ascension of 1:57:43.64 and declination of -73:37:32.5 (J2000), on De-
cember 2, 2016. It was quickly determined to show narrow optical emission lines
(unresolved with a resolution of about 300 km/sec), at a velocity consistent with
the SMCs velocity and hence to be an unusual transient object3. Observations
with the Neil Gehrels Swift Observatory, using its X-ray telescope taken on
December 15, 2016 then showed a supersoft X-ray source, with a temperature
of about 900,000 K, and a luminosity of about 1.0 × 1037 erg/sec, assuming
the source is located in the SMC4. The pre-outburst emission taken from the
OGLE-IV monitoring program showed that the source has been an irregular
variable for several years, with quiescent fluxes of about I=20.3, and V=21.15
(see also Figure 4 in the supplementary information).
On December 28, 2016, the Chandra X-ray Observatory observed this object
for 50 kiloseconds with the Low Energy Transmission Grating. The observation
revealed a purely continuum spectrum longward of 15 A˚, with little evidence
of superimposed emission lines. The data can be well modelled by either a
blackbody with a temperature of 905,000±50000K and a luminosity of 6.7+1.51.2 ×
1036 erg/s at the distance of the SMC6, or a non-local thermal equilibrium
atmosphere model7 with abundances similar to the Milky Way halo which results
in a similar quality fit to the blackbody (C-statistic/dof = 2890/2796) and
constrains the atmospheric temperature to 750000 (+30000, -15000) K absorbed
by 2.0 ± 0.5 × 1020 cm−2. A post-eruption nova model7 gives a slightly worse
fit, and constrains only a lower limit to the temperature of 1.05 MK.
The supersoft X-ray emission cannot come from a nuclear fusion episode.
There is no sharp variation in the optical light curve from the source indicating
that the source turned on as a fusion source, and the peak absolute magnitude
of the event is about 5 magnitudes fainter than those typical of classical novae
(and 3.9 magnitudes less luminous than the peak of the M31 system which has
recurrent nova eruptions on sub-year timescales8), and the rise to maximum
brightness much longer than the typical nova timescale of a few days. Most
importantly, optical spectroscopy obtained during the supersoft phase continued
to show narrow emission lines from hydrogen and helium, in agreement with a
disk origin for the line emission, but contrary to expectations for nova ejecta
– thus, even a very short burst of fusion, quenched by a strong wind can be
excluded.
The emission must, nonetheless, be coming from a small fraction of the
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surface area of the white dwarf. Three possibilities exist: magnetic collimation
of the flow into small hot spots (which is unlikely due to the high magnetic field
required and the lack of evidence for rotational modulation of the emission), a
classical boundary layer9 or a spreading layer2,10,11. The latter two mechanisms
are different models for how the rotational energy in the flow is dissipated as
the Keplerian inner disk joins to the more slowly rotating white dwarf. The
standard boundary layer predicts T ∝ M˙1/4, and hence should show a factor
of about 3 variation in temperature for the source SS Cyg when it varies by
a factor of 100 in luminosity, but no evidence for a temperature change was
seen.12, so we focus on the spreading layer interpretation, but note that there
are still unsettled questions in the details of the structures of the inner accretion
flows, so that the parameter values inferred have substantial uncertainties due
to model dependencies.
The temperature of the spreading layer is calculated to be:2
T = 2× 105Kα
−3/40
disk α
1/8
3 M˙
9/80
18 M
13/32
1 R
−23/32
9 (1)
where αdisk is the dimensionless viscosity parameter of the accretion disk which
is typically taken to be 0.1, α3is the dimensionless viscosity parameter of the
spreading layer in units of 10−3, M˙18 is the mass accretion rate in units of 10
18
g/sec, M1 is the mass of the white dwarf in solar masses, and R9 is the radius
of the white dwarf in units of 109 cm. There are stronger dependances on the
mass of the white dwarf than on the accretion rate, and these are also the two
parameters which have the greatest range of reasonable possible values. The
observed temperature of 900,000 K can be achieved for a mass transfer rate of
2×1019 g/sec, a white dwarf mass of 1.3M⊙, and a white dwarf radius of 3×10
8
cm with the other values left at their fiducial values. Taking the atmosphere
model temperature, rather than the blackbody model will drop the white dwarf
mass to about 1.2 M⊙ and raise its radius to about 4 × 10
8 cm. Unless the
viscosity values are far from their fiducial values, in the context of the spreading
layer model we require both a white dwarf well in excess of a solar mass, and on
which the bulk of the emission is coming from about 10% of the surface area,
because we cannot otherwise explain the combination of the high temperature
and the only moderately large luminosity from the source. We further note
some caution in using the numbers here, since they are at the extremes of the
model calculation, and some processes like advective heating of the white dwarf
due to photon trapping may be more important for such high accretion rates
than they are at more typical accretion rates. It can thus be robustly stated
that the emission region must be substantially smaller than the surface area of
the white dwarf, and stated only in a model-dependent manner that the white
dwarf is likely to be toward the upper end of the mass range for white dwarfs.
Observation of a transient, then, with this combination of luminosity and
temperature requires a larger peak accretion rate than in typical cataclysmic
variable outbursts.13 Tentative suggestions have been made that other systems
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Figure 1: The best fitting Chandra spectrum of ASASSN 16-oh using a non-
LTE model for the supersoft source atmosphere.7 One can see that there are no
strong, structured residuals. The red line in the top panel and the green line
in the bottom panel are both the model fit to the data. Any real spectral line
from a nova would be several wavelength bins across, and it is clear from the
spectrum that there are no such lines. A 905,000±50000 K blackbody model
absorbed by 3.4 ± 0.5 × 1020 cm−2 provides an acceptable fit to the data (C-
statistic/dof = 2880/2796). The implied luminosity is 6.7 ±1.51.2 ×10
36 erg/s at
the distance of the SMC6. Although no absorption lines are apparent in the
residuals of the blackbody fit at the 2-3 sigma level, we also tried two Non-
Local Thermal Equilibrium (NLTE) atmosphere models appropriate for hot,
compact stars7, to assess the possible range of temperatures consistent with
the observed spectrum. A model developed for post-eruption novae gives a
slightly worse fit (C-statistic/dof = 2903/2796) and only a lower limit to the
temperature of 1.05 MK, while a model with abundances similar to the Milky
Way halo results in a similar quality fit to the blackbody (C-statistic/dof =
2890/2796) and constrains the atmospheric temperature to 750000 (+30000, -
15000) K absorbed by 2.0±0.5× 1020 cm−2.The apparent strong features in the
spectrum are at the wavelengths of the carbon and oxygen edges. Error bars
are 1-sigma. 4
have previously shown this phenomenon13 (e.g. SS Cyg, in which the spreading
layer may have been responsible for its extreme ultraviolet emission), but with-
out considerable monitoring, it is not possible to establish this clearly. The find-
ing here, of a temperature which cannot otherwise be reached without nuclear
fusion demonstrates that multiple mechanisms exist for producing supersoft
sources.
The high accretion rate from ASASSN-16oh can be explained by the fact
that, having a highly evolved donor star, its orbital period must be long and
its accretion disk must be large, so that the disk has a large mass reservoir
when its outburst is triggered. This combination of factors can lead to both a
high quiescent luminosity with a large fraction of the quiescent light from the
accretion flow and a very high peak m˙ during dwarf nova outbursts.
Several lines of argument indicate that this system must be at an orbital
period of a few days. Theoretical predictions of the relation between the peak
luminosity in the optical and the orbital period for dwarf novae, which have been
established to be in good agreement with the empirical data, yield an expected
orbital period of about 4 days, while there is a hint of an orbital period of about
5.6 days seen in optical spectroscopy, and the optical through ultraviolet spectral
energy distribution from Swift also suggests an orbital period of about 5 days.
Additionally, two other cataclysmic variables with orbital periods greater than
one day show similar optical phenomenology, of very slow rise times to their
outbursts, and very bright peaks14,15,16 and may be indicative of these longer
period systems undergoing inside-out outbursts where the ionization instability
is triggered in the inner part of the accretion disk rather than at the outermost
part.17 It would be very valuable to look for soft X-ray emission associated with
the next outbursts of these systems.
In addition to the discoverys implications for the physics of accretion onto
white dwarfs, this result has additional important implications for understand-
ing the source populations of supersoft sources. It is often assumed that all
supersoft X-ray sources are either classical novae or accreting white dwarfs un-
dergoing steady nuclear fusion. Our finding of a transient supersoft source which
is clearly not a classical nova, due to its lack of broad optical emission lines,
shows that there exists an important alternative mechanism for producing su-
persoft X-ray emission. The results may help explain the previously mysterious
subluminous supersoft sources seen in nearby galaxies.18
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Methods
The Swift UVOT data were extracted following the standard procedure19.
Swift observed the source near peak brightness on MJD 57737.44 and 57738.83.
We fit the Swift ultraviolet and optical data from the first two observations,
for which there were 6 filters of data taken, using a power law model. For
the observation made on MJD 57737.440, the spectrum is consistent with a
power law in Fλ which is proportional to λ
−2.33±0.14, assuming a reddening law
typical of the SMC20, and that the value of NH is that from the X-ray data,
of 2 × 1020 cm−2. Even assuming no reddening, the spectral index changes
only from -2.33 to -2.28, so, while the SMC reddening law is variable, and not
fully characterized, the effects of uncertainty in reddening are smaller than the
statistical uncertainty of the measurements. A nearly simultaneous OGLE data
point in the I-band is consistent with the extrapolation of the power law.
The observation made the next day shows essentially the same results. The
estimated spectral index is consistent with the law, Fν ∝ ν
1/3 expected for a
Shakura-Sunyaev accretion disk in intermediate wavelength regime (equivalent
to Fλ ∝ λ
−2.33), at wavelengths longer than the wavelength of the Wien peak of
the inner part of the accretion flow, and wavelengths shorter than the wavelength
of the Wien peak of the outer part of the accretion disk.
We can then take the mass transfer rate inferred from the X-ray data, and
use the Shakura-Sunyaev disks relation between temperature and disk radius:
T = 4.1× 104KM˙16R
−3/4
9 (2)
and we find that if the outer temperature is about 6000 K, consistent with seeing
an outburst in progress, and with seeing the emission showing no clear break
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even in the V band, then the outer disk radius should be about 1.4× 1011 cm.
If the outer disk radius is the circularization radius of the accretion disk, then
the orbital period should be about 5 days, assuming a white dwarf of 1.3 M⊙
and a donor of about 0.7 M⊙. If, however, the accretion disk spreads outwards
to the Roche lobe radius of the white dwarf during an outburst, then the orbital
period may be closer to 1 day than to 5 days.
Swift X-ray spectroscopy details
CCD-resolution X-ray spectra were obtained by Swift on 15 December 2016,
for 993 seconds of on-source time. The data were extracted using xselect, with a
113 arcsec region around the source, and fitted using the Cash statistic. Taking
advantage of the information about the foreground absorption from the Chan-
dra data, we fix the foreground absorption to a column density of 2×1020 cm−2.
Under these considerations, if we fit the spectrum from 0.5-1.0 keV, we find a
blackbody temperature of 0.068±0.01 keV, with a c-statistic of 20.7 for 26 de-
grees of freedom, and if we include also the range from 0.4-0.5 keV, the fitted
temperature increases to 0.08±0.01 keV with a c-statistic of 33.3 for 37 degrees
of freedom. Including the lower energy channels gives an unabsorbed bolomet-
ric flux of 1.5 × 10−11 erg/sec/cm2, while excluding them gives 3.6 × 10−11
erg/sec/cm2. Given that the data are probably not a true blackbody, and that
the fit is based on 176 total photons, we can determine clearly that the spec-
trum is already that of a supersoft source on 15 December, and that the X-ray
luminosity is about 1037 erg/sec, but cannot make significantly more detailed
claims from the Swift data.
Chandra X-ray Spectroscopy details
The Chandra LETG data were analyzed using CIAO version 4.8 and the
calibration database version 4.7.2. New data products were extracted using the
chandra repro script, which creates screened event and spectrum files. In order
to increase the signal to noise for spectral modeling, we summed the ±1st order
spectra from the LETG using the combine grating spectra script, which creates
summed ancillary response files and updated response matrix files.
Models were explored in XSPEC v.12.9.0n, and fit to the summed spectra
with no additional binning. There is very little signal below 15 A˚in the resulting
spectrum, so we fit models in the wavelength range 15-50 A˚. Best fit parameters
were determined by minimizing the Cash statistic.
Rough orbital period estimation
A few approaches can be used to establish that the system is very likely to
have an orbital period of several days, but continued spectroscopic montioring
will be needed to make a definitive measurement of its orbital period. These
approaches are examination of the outbursting and quiescent brightnesses of the
source; examination of the physical widths of the emission lines seen in outburst,
and examination of the range of radial velocities seen in outburst.
Taking the Swift photometry near the peak of the outburst, with V=16.8,
applying a de-reddening correction of 0.03 magnitudes, based on the NH value
from the X-ray fitting, we get MV,peakof -2.7 for a distance modulus of 18.95 to
8
Figure 2: The ultraviolet spectra energy distribution of the new SMC tran-
sient, with the flux density in erg/sec/cm2/A˚plotted versus the wavelength in
Angstroms. The fit presented is for a power law with a spectral index of -2.33
for Fλ, which is consistent with the expectations for a thermal accretion disk
with radiated power in each annulus equal to the gravitational energy release in
the annulus. Error bars are 1-sigma.
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the SMC.6 We can take the expression:21
M˙ = 1.1× 10−8M⊙/yr
(αhot
0.1
)1.14 (αcold
0.02
)−1.23 ( router
4× 1010cm
)2.57 (
f
0.4
)1.43
(3)
where αhotis the viscosity parameter for the hot state of the disk, αcold is the
viscosity parameter for the cold state of the disk, router is the outer radius of
the disk, which should be in some range of at least the circularization radius
but no more than the tidal radius for the accretion disk, and f is the fraction
of the disks energy reservoir that is dumped in the transient outburst. That
expression matches well to the data13 for the systems with orbital periods less
than 10 hours.
If we then take all the values except router at their fiducial values, and taking
M˙ of 3× 10−7M⊙/yr at peak based on the X-ray spectra, we then find router of
about 1.4 × 1011 cm, in good agreement with the ultraviolet and optical SED.
We then find about 90 hours to be the likely orbital period assuming a mass
ratio of 0.5 for the donor star to the accretor if the outer disk radius at the
time of the triggering of the outburst is the circularization radius. This period
is between those of the two similar bright, long period cataclysmic variables
with triangular shaped optical outbursts , V630 Cas and V1017 Sgr, and the
source then also has a peak luminosity between the peak luminosities of those
two sources.14,15
The pre-outburst fluxes of the star are I=20.3 and V=21.11. The pre-
outburst light curve from OGLE shows ≈0.5 magnitudes of variability, so that
the colors estimated from non-simultaneous data are not likely to be reliable.
The variability also indicates that there is likely to be substantial accretion light
contributed even in quiescence.
We can additionally determine whether it is feasible to have a donor star
at approximately this brightness filling a Roche lobe in a binary with a period
of about 90 hours. If we assume a donor mass of 0.7 M⊙, then to fill this
Roche lobe, we expect a radius of 3.9R⊙. It is possible that a lower mass donor
could be similarly bloated, if it has followed an evolutionary pathway similar
to the companions to some of the millisecond pulsars6,7, or that a somewhat
larger donor mass could be present without leading to dynamically unstable
mass transfer. If a lower (or higher) mass is taken, then the expected radius
will also be lower (or higher).
If we then assume the star to have the colors of a late K dwarf, but to be
about 40 times brighter due to the larger radius, we should expect it to be at an
absolute magnitude of 5 in V, and 3.2 in I and 1.3 in K. The distance modulus of
18.95 for the SMC then implies that the star should be about V=24.1, I=22.3,
K=20.4, fainter than catalogued limits. The object is detected by Spitzer in the
SAGE project,22 although with m3.6=18.43±0.17 and m4.5=17.31±0.16 (where
these are the Vega magnitudes in the band with center wavelength of the sub-
script in microns) giving a color of 1.12±0.23. This combination of brightness
10
and color likely indicates that some local dust emission is taking place from the
source, perhaps from a old nova shell, since at the 2 sigma level, its Spitzer color
is inconsistent with the colors of late L dwarfs.
This would suggest that even in quiescence, most of the pre-outburst optical
light is from the accretion disk, making this donor type plausible and still allow-
ing for the observed substantial aperiodic variability outside the main outburst
peak. Assuming that the light from the binary includes a moderate sized accre-
tion component making the binary bluer and brighter than the donor star alone,
a reasonable agreement can be found, but that it may be difficult to identify
absorption lines for spectroscopy, or ellipsoidal modulations in the optical band
unless the donor star is slightly hotter than this. Follow-up in the infrared may
thus be the most promising approach to obtain radial velocities from absorption
lines in quiescence, despite the source’s infrared faintness.
X-ray timing analysis
We produced a light curve from the zero order grating component (we ig-
nored the dispersed component to avoid background contamination). The data
were extracted with 1 second time resolution using dmextract, and then Fourier
transformed, making use of the first 49152 seconds of data to make 6 segments
of 8192 seconds each, excluding a few percent of the data for convenience. No
peak in the periodogram was statistically significant, and the 4− σ upper limit
on the rms fractional variability is 7% over a range of periods from 2 seconds to
8192 sec.
The lack of an X-ray periodicity is a moderately strong argument against
the possibility that the soft X-rays come from optically thick polar accretion –
the known high accretion rate intermediate polar source . Additionally, at m˙
= 2 × 1019 g/sec, the magnetic field would need to be about 106 G in order to
allow the Alfven radius to be outside the white dwarf by a factor of 2.
Optical line properties
Optical spectra were obtained with the Robert Stobie Spectrograph (RSS) on
the 10 m Southern African Large Telescope (SALT) in long-slit mode. We first
observed with the PG0300 grating (on 2016-Dec-07) and the PG0900 grating (on
2016-Dec-13), finding unresolved Balmer and helium emission lines in the early
work.3 We then began doing higher resolution spectroscopy using either the
grating PG2300 at an angle of 30.5 degrees or the grating PG3000 at an angle
of 44.0 degrees with a slit width of 1.5, giving a resolving power of 2000 < R <
3800. The data were pre-reduced using the PYSALT package which includes
bias subtraction, gain and cross-talk corrections and mosaicking. Wavelength
calibrations and spectra extractions were performed with the IRAF long-slit
package.
The number and time-sampling of the optical spectra is currently not suf-
ficient to make a definitive detection of an orbital period. We can, however,
make a good estimate of the radial velocity amplitude of the binary from the
range of radial velocities seen. The velocities span a range of about 75 km/sec.
Additionally, the observed lines are fairly narrow, with the average full width
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at half-maximum of the lines being 164 km/sec. Both of these findings require
either that the orbital period of the binary be of order days, or that the binary
is exceptionally face-on. If we assume, e.g. that the emission lines come from
the accretion disk and are a good tracer of the orbital motions of the accretor,
that the donor mass is 0.7 solar masses, and that the accretor mass is 1.3 solar
masses, then an inclination of 12 degrees is required for a 1 day orbital period
and an inclination angle of 27 degrees is required for a 10 day orbital period.
Lower inclination angles would be required for a lower mass donor star.
The lack of broad optical lines also provides additional evidence that the
supersoft source is being produced without nuclear fusion. The emission lines
presumably are produced over a range of radii in the accretion disk, with the
bulk of the flux coming from the outer part of the disk where the emitting area
is largest. For disk lines, for a given line width or radial velocity amplitude there
is a degeneracy between the actual physical velocity and the inclination angle
of the system. There are well-calibrated relations between the velocity width
of emission lines in quiescent X-ray binaries and CVs23, but these relations
are not well calibrated during outbursts where the lines can be expected to
become narrower as the inner regions of the disks become fully ionized. We find
that half the range of radial velocity variations, about 38 km/sec is about 0.23
times the full width half-maximum of the emission lines. This is the same as
the ratio found in X-ray binaries in quiescence23 for the semi-amplitude of the
donor stars radial velocity curve. Since here the emission lines are likely to be
tracing the motion of the heavier component, the accretor, this is suggestive
of the aforementioned narrowing of the emission lines in outburst due to full
ionization of the inner regions of the disk.
Classical novae are quasi-spherical explosions, so that regardless of inclina-
tion angle, they should produce broad lines. The spectra in figure 3 illustrate
that the emission lines observed from ASASSN-16oh are narrow over the range
of dates between the first Swift observation showing that the source is supersoft
and the Chandra observation that better characterizes the supersoft spectrum.
While a transient outburst might trigger a long-lived episode of steady nuclear
fusion, it is highly unlikely that it could do so without first triggering a nova
eruption of the fuel that piled up during the non-fusing phase of accretion.
The maximum accretion rate that will avoid fusion
Next, we note that the accretion rate we expect for this object is about
3 × 10−7M⊙/yr, while state-of-the-art theory calculations suggest that 3.5 ×
10−7M⊙/yr
24 is the threshold accretion rate above which steady nuclear fusion
will take place for an accretor which is 1.3M⊙ white dwarf. Importantly, how-
ever, the system is not accreting steadily at that rate. Only if it accumulates
a large enough envelope at such a high mass transfer rate will there be stable
fusion. The full-width, half-maximum of the peak is only about 50 days, mean-
ing that only about 4 × 10−8M⊙ is accumulated during a period of time with
M˙ close to the critical level. This is too low an envelope mass to allow steady
burning, even on the most massive white dwarfs.25
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Figure 3: SALT optical spectra taken just after the optical maximum (14th
December 2016) with grating PG2300 and PG3000. The gaps in the spectra
are due to CCD gaps. The average FWHM of the HeII lines is 3.04 A˚, or 2.57
A˚, equivalent to 164 km/sec, after correcting for instrumental broadening. The
equivalent width is 5.24 Angstrom.
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The long term optical light curve from the source
A long term optical light curve for this object has been obtained by the
Optical Gravitational Lensing Experiment26. It shows a few salient features, in
addition to providing good sampling of the bright outburst. The I-band light
curve is plotted in Figure 4. A smaller number of V-band data points have also
been obtained by OGLE, and these indicate that the V-I colors are relatively
steady at about V-I=0.8 until the major outburst begins. This color is similar to
the color of a late G star (i.e about 5300 K). If the light in the V and I bands is
dominated by accretion disk light, then this temperature is consistent with the
expectations for a disk that will be susceptible to the dwarf nova instability, but
will still be bright enough to dominate the optical flux relative to a red evolved
donor star. The large level of variability before the outburst does suggest that
the donor star is not the dominant contributor to the quiescent optical flux.
This finding is similar to what has been seen in some long-orbital period X-ray
binaries, even in quiescence.27 Additionally, it is clear from the light curve that
there is no sharp change in the optical flux suggestive of a sudden triggering of
nuclear fusion.
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Figure 4: The OGLE I band light curve for ASASSN-16oh. The light curve
shows that there are no sharp spikes in the optical time series for the source that
might indicate a start of nuclear fusion and that there is substantial quiescent
variability for the source. The OGLE colors are generally about V-I of 0.8,
except for the three data points taken during the large outburst, which are
significantly bluer (0.36±0.02 on MJD 57657, 0.34±0.02 on MJD 57681 and
0.16±0.01 on MJD 57744). Error bars are 1-sigma.
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